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A13STRACT

nigh resolution near-infrared images of thetypc  1 %yfert galaxy  NGC 7469

have been obtained to probe  its dusty nuclear environment. IIircxt  J, 11, & K
images are relatively featureless, but  residual images created by subtracting a smooth
model based on best-fitting elliptical isophotes  reveal a tight inner spiral WI1OSC high
surface-brightness portions correspond to a previously detected 3“ ( 1 kpc) diameter
ring of radio  continuum emission. The inner infrared spiral arms extend w 4“ NW
and S1{;  from the nuc]cus, and the NW arm joins up with large-scale spira] structure
visible in the R band. ‘1’hc residual images also show a bar-like structure aligned with
the brightest infrared/radio hotspots at l’Aw500.  ‘1’hree infrared hotspots  arc dctcctcd
which align remarkably WCI1  with the 6 cm radio peaks. ‘IThc near-infrared ring and
the hotspots arc visible in the residual images, and in a high-resolution direct  K-ban’d
image restored to an cff’cctivc resolution of 0’!65 11’WIIM using the Richardson-liucy
algorithm. ‘J*11c infra.rcd hotspots  have luminosities of 1~1,”(2.21/nl)  x 1081.0 (MK x -16
mag),  suggesting they are either giant 11 11 regions or individual supernovae. ‘J’hc
two brightest regions may bc assoc.iatcd  with cnhanccd  star formation triggered by
orbit crowding of gas where spiral arms emerge from an inner bar. Narrow- band
(AA/J W] .5%) imaging in the 3.28 ~~m dust emission feature and surrounding
continuum confirms the 3“ diameter 3.28 pm emission region dctcctcd  previously
using multi-aperture photometry. ‘1’hc cxtcndcd  }’All emission is slightly elongated
and aligned with published [0 111] line emission and 12.5 pm continuum emission,
al)parcmt]y  tracing the starlmrst. ‘J’hc overall circular symmetry of tllc }’All emission
indicates that few X-rays  from the AGN emerge in the plane of the sky. l’hc  prcscncc
of % 25% of the total 3.28 pm I’All  emission within IL < 1“ demonstrates that a
starburst  within the central fcw hundred parsecs must supply a. significant fraction of
the infrared continuum from the nucleus, and there is apparcnt]y  sufllc.icnt  shielding
material bctwccn  the starburst and the AGN to prcscrvc  the 1’AIIs along our line of
sight to the nucleus.
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1. Introduction

NGC7469(= Arp298=UGC  12332= Mrk 1514) is a well- known type 1 Scyfcrt  galaxy

w}lich was identified as a bright  far-infrared source by the Infrared Astronomical Satellite (e.g.,
Soifcr et al. 1987). Its high infrared luminosity, I,ir % 3.4 X 101]1,~, approaches that of quasars,
and the high infrared-to-blue luminosity ratio, ],ir /I,b = 15, implies that dust rcprocmscs  the

Lmlk of its luminosity into the infrared, ‘J’he nucleus has been observed to vary rapidly at many

wavelengths, and it is one of the fcw luminous Seyfert galaxies showing direct cvidcncc for active
circumnuclcar  star formation. NGC 7469 was the first Seyfcrt galaxy in which the 8.7 and 11.3 ~fn]
dust emission features were observed (Aitken,  Roche,  & Phillips 1981); these features  arc common
in starburst  galaxies, but rare in Scyfcrts.  Multiapcrturc  single- cha.nncl  photometry showed that
%80% of the luminosity in the 3,3 pm dust emission feature cmcrgcs  from a region  1- 3“ (0.3-1

kpc.) from the nucleus (Cutri et al. 1984). (At a distance of 68.3 Mpc, assuming 110 =75  km s-’
Mpc-], 1“ corresponds to 330 pt.) The  high apparent dust temperature (> 300 K) at N 1 Iipc
from the central source lcd Cutri  et al. to conc]ude that an extended st,arburst,  ratllcr than the
Scyfert nuc]cus, boats  the dust. CO (J=]-+ O) mapping shows that NGC 7469 has w 2 x 10 ]0

i140 of molecular gas within 2,5 kpc of its nucleus, an amp]c concentration of the dcIlsc material
ncwdcd to fuel a. starburst  (Mcixner  ct al. 1990).

Recent  6 cm continuum and optical mnissiom  line images have begun to resolve the struclurc
of the circumnuclear  star- forming region  in NGC 7469 (Wilson et al. 1991). While [0 III] and
lla+[N 11] maps show few details, the 6 cm continuum image suggests that a broken ring =3” (1

kpc) in diameter encircles the nucleus. l)rawing  analogy to NGC 1068, in whic}l  a c.ircumnuclcar
ring of molecular gas w 3 kpc in diameter (Plancsas,  Sc.ovillc,  & Myers 1991  ) is associatcxl  with a
small-scale stellar bar found at 2 pm (Scovillc  ct al. 1988), Wilson ct al. noted that near- infrared

imaging of NGC 7469 might also reveal a stellar bar  and possibly individual supernovae associated
with the starburst  ring.

‘J’hc infrared emission features at 3.3, 6.2, 7.7, 8.7 and 11,3 pm,  first seen in spectra of Galactic
sources (c,g.,  Scdlgren 1981, Soifcr,  Russc]l,  & Merrill 1976), have been ascribed to polycyc]ic.

aromatic hydrocarbons (1’AIIs) transiently heated  by single UV photons (e.g., l’ugct  & l,ugct
1989).  Although the agrccmcnt  bctwccn  laboratory spectra of 1’AIIs and the interstc]lar  emission

features is not yet entirely satisfactory, wc will refer to the emitters of these fcaturm as I’AIIs,
Sing]c aperture observations encompassing =2” radii have detected PAJI features in ~90%  of
observed starburst  galaxies, but  < 10% of Scyfcrt galaxies have such emission (Rochc  et al. 1990).
‘1’his dichotomy led Aitken & Rochc (1 985) to suggest that extreme  ultraviolet (lI}IJV)  l)hotons
emerging from AGNs cfhcicntly  destroy these small grains. When I’A 11s have been dct ccted in

Scyfcrt  galaxies, the mission appears to bc cxtcndcd  and is usually seen only in large apertures,
suggesting that I’AIIs tcJ~d to lic outside a radius of w 500 I)C in a circulnnuclear  starburst  (e.g.,
Cutri  ct al. 1984, l)cscrt k l)cnncfc]d 1988). However, these studies relied on single channel
mca.surcmcnts,  and the detailed spatial distribution of the I’All emission in NGC 7469 and other
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Scyfcrt  galaxies has remained unknown.

l’hoto-dissociation  and Coulomb explosion via absorption of energetic EUV/X-ray photons
are likely to destroy PAHs near  Seyfcrt nuclei (Voit 1992). Although these  processes can destroy
1’AIIs within w 1 kpc of a typicaj  Seyfcrt nucleus, I’AIIs  can survive in directions along which a
sufficient column density of X-ray  absorbing material shields them from the nucleus. Ncgions  of

I’All emission in active galaxies therefore trace those locales where the relatively soft lJV radiation

field originating from hot, massive stars heats a dusty medium shielded from the AGN. Conversely,
its absence indicates either a lack of shielding or a lack of stellar heating sources. imaging in the

I’All features thus provides a potentially powerful tool to investigate the angular distribution of
absorbing material surrounding the nucleus and the spatial distribution of star-formation activity
in the dusty circumnuclcar  cnvironment,s of AGNs.

We report the results of ncw high resolution near- infrared imaging of N(2C 7469. In 62 the
observations and data reduction are described. Section 3 presents broad-band images showing that
the starburst  ring is part of a. tightly wound inner spira]  with infrarec] IIotspots  that correspond to
peaks in the 6 cm continuum image.  Narrow- band imaging in the rcdshiftcd  3.28 )Inl I’All feature
and surrounding continuum illustrate the cxtcndcd  distribution of hot dust in the star- forlning
region  surrounding the Scyfcrt  nuc]cus. q’hc results are cliscusscd  in 54.

2. Observations and Data Reduction

Near- infrared images of NGC 7469 were obtained with the Cassegrain  infrared calncra, on the
5 m 11 alc telescope of Palomar Observatory. q’he camera’s 58x62 elmncmt  lnSb  array, at 0!’31
pixc]-], results in a flcld of 18”X 19”. IIata were obtained through J (1 .27 pm), 11 (1 .65 ~~nl), and
K (2.20 pm) filters on 1992 July 17 IJ’I’.  Observations at J, 11, &. K, performed by nodding the

tclcscopc  between the ga~axy  and regions of adjacent Mank sky, yielded many short exposures of
10 s to 50 s duration and cumulative on-source integration tinms of 320 s at J, 200 s at 11, and
140 s at K. q’he point-spread function determined from nlcasure.ments  of the unresolved Scyfcrt

nuc]cus indicated an average seeing at 2.2 pm of 0!’8 }1’WIIM, with a range of 0!’73 to 1!’02 11’WIIM.

The 3.28 jun 1’AII feature was imaged on 1992 July 17 and July 18 lJ’1’ using a circular
variable filter (CVII’) with a band pass of 0.05 pm (AA/A WI .570), lma.gm were centcrcd  on 3.33
pm(thc rcclshiftcd  peak of the 3.28 pm feature), 3.42 pm(thc  rcdwa.rd shoulcler  of tllc fcat,ure, see
e.g., Geballc  et al. 1985), and 3.20 ~~l~l(co~ltill~lu~ll).  Each exposure comprised 200 intcgra.tions of
0.4 s duration taken while chopping the secondary bet wccn the source and rcfcrcnce  sky regions,
The CVII’ plus atmospheric transmission was calibrated using observations of SAO 127810 (a type
}1’5V star) taken CIOSC in time and within 0.1 airmass  of the galaxy integrations. ‘J’he average
seeing of 0!’8 at 3.3 pm on both nights justified combining the CV1’ images to produce c.oaddcd

images al 3.33 pm, 3.42 pm, and 3.20 pm.

All images were reduced by first correcting for non-linear response, and then subtracting
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thc appropriate median sky frame from each object frame. Flat-field images of the night sky
were created by applying an iterative sigma clipping algorithm to a large number of rcfercncc
sky hnagcs,  subtracting a high signal- to noise dark frame, and then normalizing to unity at the
array center. Flux calibration was based on observations of infrared stand a.rd stars (l;lias  ct al.
1982). ‘1’he (XF images required additional processing, including atn~osphcrc/filter transmission
c.orrcctions derived from the rcfcrcncc  star observations. All images were aligned by forcing the
ccntroids  of the nucleus to coincide using a bicubic splint interpolation algorithm.

3. Results

Figures 1a, 1 c, & 1 c show the direct J, 11, and K ima.gcs.  l)iffercnccs  between the position
angles and e]lipticitics  of the inner and outer  isophotes,  as well as slight deviations from cllipticity,
indicate that underlying l~ol~-axisyllll~letric  structures could hc unvci]cd by subtracting the bright
Scyfcrt  nucleus and the underlying intensity gradient of the galaxy, in order to model the smooth,
axisymmctric  bulge, disk, and nuclear components, models consisting of best-fitting elliptical
isophotcs  were subtracted from the direct images at J, 11, and K. ‘1’hc oui,cr isophotcs  beyond
a radius of 5“ were fitted first, allowing c]lipticity and position angle to change with radius
while keeping the isophotcs  ccntcrcd  on the nucleus. ‘1’hc major axes of the outer ellipses, which
correspond to the large-scale stellar disk of the galaxy, ma.i nt aincd a st a.b]c posit ion ang]c of
11 8°+40  and an ellipticity  of 0.20+- 0.07. In order to study deviations from axisyn~n~ct~y  in tile
disk, the ellipse fitting was then continued in the inner region  at a fixed position angle of 11 8°;
the cllipticity  was allowed to vary in order to track  contributions from tl~c bulge and nuelcus
components. The position angle of the stellar disk derived from surface photometry at J, 11,
and K agrees WC1l with the value of 1210 obtained from optical imaging (Ilurbidgc,  IIurbidgc,  &

]’rcndcrgast  1963). The fitting was also performed allowing the position angle to vary with radius,
and this had ncgligib]c  effect on the resulting residual image. The residual, l~~oclcl-s~ll)tractc{l
images arc shown in F’ig. 1 next to the corresponding direct images.

It is also worthwhi]c  to examine structures in the direct images by improving tllc cflcctivc
resolution, with no model-dcpcndcnt galaxy  background subtraction. The direct K-band image
was restored using the Richardson- l,ucy mct}lod. This algorithm restores (super-rcso]vcs) an
ima,gc  by iteratively convolving a mode] hnagc  with the point-spread function and comparing it
with the previous model. The single 60 s K-band integration with the highest resolution (0!’73)
was iteratively restored to a convergence criterion of X2 = 1, which gave an effcctivc resolution
of 0!’65 FWIIM, measured for the nuc]cus. l~igurc  2 shows gray-sc.ale, contour, and radial profi]c
plots of the K-band image  after Richa.rdson-l,  ucy restoration.

Wc investigated whether the structure present in the residual images of NGC 7469
might be due to faint  irregularities in the point-spread function (1’SII’). Close examination of
bright  standard-star images showed no such structure with corresponding intensity ICVCIS and

morphologies  in any band. ‘1’he structures in the processed images of NGC  7469 arc therefore
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intrinsic to the galaxy, not artifacts of low lcwcl structure in the PSI’. The peak located 1!’5 SW of
the nucleus and the faintest spiral emission represent 39% (36Yo) and 1470 (13Yo) residuals above
the surrounding galaxy background at K (J), respectively, but  are difficult to see in the dircc.t

images because of their low contrast against the steep gradient in the underlying galaxy and the
bright  emission from the nuclear point source.

}’hotomctry  performed on the dird  images within circular apertures centered on the nucleus
gave fluxes uncertain to 5% - 7%. q’hc inner spiral and the hotspots were measured from the
residual images; the relative uncertainties in these measurements arc estimated to bc = 30% based
on the intcrna]  consistency of the values obtained using slight variations in the smooth model

images and in the boundaries used to define the knots. Althoug}l  there arc large uncertainties in
the fluxes estimated from the residual images, these estimates still provide useful constraints on
the nature of the emitting regions. ‘l’lie  photometric measurements arc given in ‘J’able 1.

l“igurc  3 shows the cVII’ images talicn on and off the rcdshiftcd  3.3 pm dust emission feature,
as WC1l as the resulting continuunl-  suhtractcd image. “1’ablcs  1 & 2 rcl)ort  the photometry from
integrating t}]c CVF  images within circular apertures.

4. Discussion

4.1. ‘J’he Inner Near–lnfrarcd  Spiral

‘J’hc d ircct images in l’ig. 1 show isophotc  twisting hctwcc.n 1”- 4“ from the ccntcr,  signifying
a transition bctwccn  the galactic bulge and a possib]c  bar component at small radii and t}lc
cxponcntia]  disk which dominates the emission at large radii. After subtraction of the smooth
underlying light distribution, the residual images shown in l’ig. 1 reveal that the starburst  ‘{ring”
is the }ligh  surface-brightness portion of a tight inner  spiral with an inner radius of =1!’5 (0.5 kpc).
‘J’hc arms appear to bc attached to a bar-like structure at I’Az350”,  and they can bc traced in
the J, 11, and K-band  images out to 4“ from t}lc nucleus in the NW and S1’; directions. Althougl)
onc third the physics] size, this structure may bc analogous to the N30” (3 kpc) diameter inner
spiral in the nearby type 2 Scyfcrt galaxy NGC 1068 dctcc.tcd  at optical and infrared wavc]cngtlls
(’J’CICSCO ct a~. 1984) ancl in molecular gas (Plancsas,  Scovillc, & Myers 1991).

Fig. 4 illustrates the orientation of the small-scale infrared structure in relation to t,hc
high-resolution 6 cm radio continuum (cf., Wilson et al. 1991) and the large-sc,alc spiral structure
in an R-band image obtained with the lJnivcrsity  of IIawaii’s $8 inc.]1  tclcsc.opc.  ‘J’hc direct 1{-band
image in Fig. 4c shows the bright  northern arm which joins up with the ccntcr  of tho galaxy near
a foreground star located 12” NW of the nucleus. ‘1’his northern spiral arm is also visible in an
lIo/[0 111] ratio image (Ilc Robcrtis  & l’oggc  1986), Fig. 4b presents the c.cntral 30” region of
a residual R.-band image after subtraction of a smooth model to cnhancc  visibility of the spiral
structure. ‘J’hc superposed contours show clearly that the inner  near- infrared arm on tllc NW
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side of the galaxy  is also visible in the R-band  and is merely the beginning of a spira] that winds
around the Slt side of the galaxy  and joins with the outer spiral structure.

Wilson et al. (1991) suggested that an optically obscured stellar bar might drive the dynamics
of the broken ring structure observed in the 6 cm radio continuum image of NGC 7469. ‘J’hcoretic.a]
modc]s predict that rings in galaxies, thought to be formed by I,inblad resonances between stellar
orbits  and the pattern speed of an oval gravitational distortion (a stellar bar), can force disk gas

inward and provide fuel for an AGN (e.g., Simkin, Su, & Schwarz 1980, Schwarz 1984, Matsuda,
et al. 1987, Shlosman,  Frank, & JIcgclman 1989), Observations showing that rings in galaxies arc
typically associated with stellar bars support this hypothesis (e.g., Huts. 1986, Kcnnic.utt 1993).
The direct  near--infrared images at J, 11, & K fail to show compelling cvidenc.e for the putative
stellar bar at the resolution limit of the present data, However, the bright Seyfcrt nuc]cus  can
ca.sily  overwhchn  undcrlyi]lg  structure in the stellar distribution near the ccntcr  of the galaxy. q’hc
J, 11, and K-band residual images indeed show an oval bar-like structure along PA%50°  on the
scale of the spiral ring (c, f., }“igs. lb, Id, If &, 4a), q’hc two brightcsi, infrared/radio features lic
where the spiral arms emerge from this apparent bar. llotspots  arc often observed on the ends of
stellar bars  (e.g., Kcnnicutt  1993), and numerical simulations indicate that star formation can bc
cnha.need by orbit crowding of intcrstc]lar  gas clouds where the spiral arms connect with a bar or
ring (SCC e.g., Kenncy  & l,ord 1991, Roberts, IIuntlcy,  & van Albada  1979). lnfrarcd  imaging with
higher resolution is reqrrircd  to confirm the nature of the bar-like structure present in the current
residual images.

4.2. The Nature of the Infrared/Radio Hotspots

A major result of our high- resolution near- infrared imaging of the nuc]car region of NGC
7469 is the detection of three infrared hotspots which correspond spatially to compact raclio
sources (c, f., J~ig. 4a). As discussed in ~3, the current data permit only rough flux and color
estimates; however, these mcasurcmcnts  hc]p constrain the nature of the hotspots.  ‘1’hc  most
likely candidates for the infrared emission sources arc supernovae or supernova remnants, giant 11
11 regions, and clusters of rcd supcrgiant  stars.

‘J’he a,bsolutc  K-band  nragnitudcs  of the three hots})ots  located SW, NW, & N]’; of the nucleus

of NGC 7469 (cf., l’ig. 2b & l~ig.  4a) arc – 16 < MK < –15, and their observed nca.r- infrared
colors are J-llwO.9  mag and 11- KwO.7 msg. Assuming t}lat  the reddening correction derived from
nuclear near-infrared spectroscopy, Y,(I1 – V) = 0.52 (Ostcrbrock,  Tran, &, Vcillcux 1992),  app]ics
to the sta.rl.mrst  spiral/ring region, and adopting the reddening curve of Mathis ( 1990), wc estimate

intrinsic colors of J – H % 0.7 mag and 11 – K R 0.6 msg. The luminosities of the hotspots arc
comparab]c  to individual supcrnova,c  observed lCSS than 200 days after the explosion (e.g., Graham
1985). For comparison, infrared hotspot “A” in the starlmrst  galaxy  NGC 253 has h~}{ w –14
mag  (l~orbcs,  Ward, & IIcl’oy 1991); this is 1–2 mag fainter tha,n  the hotspots in NGC 7469, more
consistent with a faded type 11 supernova (t~ 200 days) or a supernova remnant. q’hc J – 11 and
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11 – K colors do not match  those  of observed supernovae in
al. 1985, Dwek 1983). IIowcvcr,  the colors do not rule out
a dense sbcll with strong thermal dust emission (e.g., I)wck

any particular phase (cf., Elias ct
ndividual supernovae embedded in
ct al. 1983), I’he prcw.cncc  of three

infrared/radio hotspots argues  against the supernova hypothesis. Itvcn in a galaxy  as luminous as
NGC 7469, with an cxpcctcd  supernovae rate of 0.5--1 yr-”l  (e.g., Wright et al. 1988, van IIurcn &
(lrccnhousc  1993), wc would not expect to observe two or three supernovae simultaneously in the
same region of the galaxy. l’roof  that one or more of the infrared/radio hot spots are supernovae
will require follow-up observations to demonstrate variability. ‘l’he physical sizes of the individual
hotspots (1)s 0.3 kpc.) arc comparable to the st.arburst  regions in M 82 and NGC 253, and the
infrared luminosity of each feat urc could also bc explained by a fcw supernova rmnn ants spread
thoughout these large rcgionso

Another possibility is that the hotspots represent large complcxcs of massive star formation.
The near-infrared emission from giant  }1 1 I regions may have a number  of significant components,
including gaseous emission (recombination lines, free-free, and free-bound continua.), photosphcric
emission from the hot ionizing stars, a cluster of cool rcd giant and supcrgiant  stars which evolve

rapidly in the starburst,  and thermal emission from warm dust. Campbell & ‘Rwlcvich (1984) have
modeled these  emission sources to interpret observations of 14 giant 11 11 regions. Although it is
not possible to dctcrminc  the exact composition from the present data, the K-band  luminosities
and extinction-corrected J – 11 and 11 – K color intimates for the hotspots in NGC  7469 arc
consistent with emission dominated by rcd supcrgiant  stars (w80%),  with small contributions
from gaseous emission (w1O%) and warm dust (wIO%).  Assuming MK = – 11.5 mag  for a rcd
supcrgiant  (Campbell & Terlcwich),  25- 150 SUCI]  stars would be required to explain the K-band
luminosity of the hotspots dctcctcd  in NGC 7469. Although these arc luminous hotspots, 2-

3 mag  brighter than giant 11 11 regions in the spiral arms of M 101, they arc comparable to
the largest star-forming regions observed in NGC 5253 and in a number of blue dwarf galaxies;

however, the most luminous 11 11 regions observed by Campbell & ‘1’crlcvich have projcctcd
physical diameters of 0.7 kpc to a fcw kpc (adjusted to 110 = 75 km s-l Mpc-l ), which is somewhat
larger than jhc hotspots  in NGC 7469 (I)w  0.3 kpc),  The radio emission in the ring of NGC 7469
is also consistent with current star formation models (Wilson ct al. 1991  ); the radio sources arc
likely duc to synchrotrons emission from supernova remnants,

4.3. The 3.3 ~fnl PAH I)ust Emission

As rcvicwcd in $1, NGC 7469 is onc of the few Seyfcrt galaxies in which I’All emission
features have been dctcctcd.  lJsing single-channel measurements, Cutri  ct aJ. 1984 showed that
80% of the 3.3 pm emission comes from an annular region bctwccn  1” < R < 3“. ‘1’hc  prcscncc  of
this cxtcndcd  PA]] emission indicates that a relatively soft UV radiation field originates from hot,
massive stars in regions shielded from the AGN. Since significant emission cmcrg,cs from within a
2“ diameter beam ccntcred  on the nuc]cus, the shielding material responsib]c  for preserving the
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I’AIIs must lie within a couple hundred parsecs of the nucleus, perhaps in the form of an obscuring

torus of molecular gas in between the broad and narrow line regions (e.g. Krolik & IIcgelman
1986, 1988).

Unfortunately, the signal- to--noise of the present 3.28 ~nn CVF  imaging data (1’ig.  3) is
insufllcient  to show any detailed morphology. The current data basically confirm the 3“ diameter
3.28 pl mission region detected by Cutri  et al, (1984). in addition, the data show that the
cxtcndcd  I’All emission is slightly elongated and in roug}l alignment with the [0 111] emission
and the axis of the two brightest radio hotspots  (Wilson et al. 1991), and the extended 12.5 pm
emission (Keto et al, 1992), all at PA=50°(c.f,,  Fig. 3). This general alignment is consistent
with a starburst origin for the I’All emission, with in situ photoionization  of the [0 111] and llQ
line-emitting gas, The overall circular symmetry of the PAII emission suggests that little X-ray
emission escapes the AGN in t}lc plane of t}le sky, but instead emerges primarily along our line of
sight. If transverse X-ray beams  intersected the starburst  region, they would create  I’All emission
gaps at certain position angles.

‘l’able 2 summarizes the contributions of the 3.3 jm) PAII emission in various annuli
surrounding t}lc nuc]cus, and mcasurcmcnts  from Cutri  et al. (1984) arc listed for comparison,
Within R< 1” }’All emission is still present, but it becomes substantially weaker relative to the I It
continuum. in this region, both starburst  radiation and AGN radiation, including emission from
dust heated by the AGN, must contribute to the total infrared output, If wc a.ssumc that the l’All -
to-continuum ratios from the starburst  region remain similar within }{ < ] “(j~,Al]  /j3.201,,,,  x 0.56
and jI~Atj  / jh. w 0.40), our data allow us to estimate very crudely the relative contribution of tlIc
nuc]car starlmrst  to the flux from the unresolved nucleus. Since no I’AII emission is cxpcctcd
from the AGN, the starburst  contribution at 3.20 pm must bc about 1/6 the tota~ flux, and in
the A’ band it must bc about 1/3 the total  flux. These numbers should bc considered lower
limits lmcausc wc have not acc.ountcd  for a }JossiMc  l’All-free starburst  contribution from X-ray
irradiated star-forming regions. This result agrees well with the AGN/stcdlar  breakdown derived
by dcconvo]ving the disk, bulge, and nuclear profllcs  in images, Kotilaincn  ct al. (1992) find that,
in a 3“ diameter aperture, stars contribute 5570 of the K band flux, 59% in 11, and 66% in J.
Also, Morris & Ward (1988) find substantial ca~cium infrared trip]ct  absorption within 1!’5 of the
nucleus, indicating a significant stellar contribution to the continuum at 8500 ~.

5. Summary & Conclusions

Subtraction of smoot]l galaxy  modc]s derived from best-fitting elliptical isophotcs  (including
the disk, lmlgc and nuc]car light components) from clircct  J, 11, & K-band  images of NCC  7469
show that the starburst ring (diameter x 3“, 1 kpc) first dctcctcd  in radio continuum emission
(Wilson ct al. 1991) is part of a tight inner spiral. The arms of the infrared spiral extend= 4“ NW
and SE from the nucleus, and the nort}lcrn arm joins with the large-scale spiral struclurc  visible
in the R band. Three distinct infrared hotspots  align with components in the puldishcd 6 cm
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radio  continuum image. The near-infrared ring and the hotspots arc clearly visible in the residual
images, and in a high-resolution direct K-band image restored to an effective resolution of 0!’65
FWIIM  using the Richardson-I,ucy  algorithm, The near-infrared luminosities and dcrcddened
color estimates of the hotspots arc comparable to giant }1 11 regions observed in other  galaxies
(Campbell & I’erlevich  1984); the near-infrared emission from each feature can be attributed to
w 25 -- 150 red supcrgiant  stars cmkldcd  in emitting gas and warm dust within star-forming
regions. Possibly onc or more of the hotspots represent individual dust- enshrouded supernovae
observed lCSS than one year after explosion; confirmation will require follow-up observations to
demonstrate variability, The two brightest infrared/radio hotspots may be associated with clumps

of enha,nccd  star formation on the ends of a small-scale stellar bar oriented along PAw50°,  where
the spiral arms emerge. This phenomenon is observed in some ga~axies with unobscured bars, and
such structures appear in numerical simulations of the gas dynamics of barred sl)irals.

Narrow- band (AA/~ W] .5%) imaging in the 3.28 pm dust emission feature and surrounding
continuum shows PA]] emission throughout the inner starburst rc.gion of NGC 7469, confirming
the 3“ diameter 3.28 pm emission region detected by Cutri  et al. (1984) using multi-aperture
photometry. q’he cxtcndcd  I’All emission is slightly elongated and roughly aligned along the axis
of the two brightest infrared/radio hotspots,  the [0 111] mission  (Wilson et al. 1991), and the
12,5 pm mid-infrared emission (Keto  ct al. 1992), at I’Ax50”. This general alignment is consistent
with the hypothesis that the 3.28 ~~nl emission is duc to small  dust grains heated by lJV radiation
from vigorous star formation surrounding the nucleus, The overall circular symmetry of the I’AII
emission suggests that little  of the X-ray emission from the AGN cuts across the starhurst  region

in the plane  of the sky, The X-rays probaMy  escape along directions closer to our line of sight.
l’urthcrmorc,  t}lc prcscncc  of PA]] emission within 1{ < 1” indicates that a shielded starburst
within a few hundred parsecs of the nucleus supp]ics  at least 1/3 of the nuc]car 1{-band  light and
at least  1/6 of the nuc]car continuum at 3,2 pm.

Wc thank A. Wilson and T. IIclfcr for sending their VI,A image of NGC 7469, and Steve
l,ord  and Dave van Hurcn for useful discussions. This work was supportcc] by the Jet l’repulsion
laboratory, California ]nstitutc  of q’cchno]ogy,  under a contract with the National Aeronautics and
Space Administration (NASA). Additional support was provided by the NSF. Wc thank our night
assistant at the 200 inch tclcscopc,  Juan Carrasco,  and the entire staff of l’alomar  Obscrva.tory.
‘J’hc data were processed with IRA]’ and STS1)AS. II{,AF is produced by the National Optical
Astronomy Observatories, which is operated by the Association of lJnivcrsitics  for Research in
Astronomy, Inc. (AURA) under cooperative agreement with the National Science l’oundation.
STS1)AS is produced by the Space I“clcscopc Science lnstitutc. ‘1’his research has also made
usc of the NASA/11’AC Y,xtragalactic  l)atabasc  (N]’;])) which is operated by the Jet l’repulsion
laboratory, California lnstitutc  of ‘1’ethnology, under a contract with NASA.
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Tablc  1. Near-lnfrarcxl  Photometric Measurements of NGC 7469

Region fJ jll jK j3.20,L~  j3.331Lrn jI~A1l  J – I I  II--K  MK log
(mag)  (mag)  (mag) (mag)  (mag)  (mag)(ljK/lJ~)c
(nlJy) (mJy) (n~Jy)  (mJy) (mJy) (n~Jy)

2“ Beam (Nucleus)?.. 12,23 11.15 10,07 -- -- -- 1.08 1.09 -20.8

20.3 35.9 60.6 85.1 93.1 8.0 — -

4“ lkamn. . . 11.50 10.52 9.63 -- --- - 0.98 0.90 -21.3

39.7 64.1 91.5 111,6 131.1 19,5 –- - --

5“ lkama.  . . 11.34 10.37 9.52 --- - - 0.96 0.86 -21.4

46.3 73.5 101.0 116.7 140.2 23.5 - - -

6“ IIeama. . . 11.22 10.28 9.45 -- - - 0 .95  0 .83 -21.5

51.3 80.3 107.7 119.3 146.6 27.2 - -

8“ IIcama, . . 11.07 1 0$ 1 5 9.36 “- -- - 0.93  0 .79 -21.5

59.1 90.7 117.3 123.7 153.3 29.5 -- - -

17“ IIcam?.  . 10,73 9.86 9.17 -- - - 0.91 0.69 -21.7

80.6 118.3 139.2 -- - -
Ring/Spiral!’.. 13.0 12.2 11.2 -- - - 0.9 0.9 -19.7

9.6 14.2 20.7 -- - - -
SW Ridge!.. 14.7 13.9 13.3 - - - 0.8 0.6 -17.6

2.1 2.8 3.0 -- - - -

Sw ]Iotspot!’.  . 16.2 15.3 14.7 0.8 0.6 -16.2

0.5 0.8 0.8 - -- - - - -
NW }Jotspot!’.  . 17.5 16.6 15.8 -- - - 0.9 0.8 -15.1

0.2 0.3 0.3 - -
Nl+l IIotspot!’.  . 16.1 15.2 14.5 - - - 1,0 0,7 -16.4

0.6 0.9 1.0 - - -

10,1

10.3

10.3

10.4

10.4

10.4

9.5

8.6

8.0

7.7

8.2

a 2--17’’  Beams: il~tegratcdcl~~issiol~  within thespccified  beam diameter  centcrcd  on thcnuckus  ofthc
di9vxtimagcs;t  hcrelativeun  certaintiesin tllesellleasurcIllclltsa rc5%- 7 % .

L ‘1’hcsc  regions were measured from residual images after subtraction of smooth galaxy  models derived
from ellipse fitting; hence there are large uncertainties on the order of 30% in these flux densities and color
magnitudes. Ring/Spiral: total emission in residual image, omitting the nucleus; SW Ridge:  11{/radio
ridge SW of nucleus; boundaries near 6th contour in Fig. 4a. SW hotspot: lR/radio  hotspot 1!’5 SW of
nucleus (peak in the ridge); boundaries near 7th contour in l’ig. 4a.. NW hotspot: faint I]{/radio hotspot
1“5 NW of nucleus; boundaries near 5th contour in l’ig. 4a, N]; hotspot: infrared/radio hotspot  1!’5 N];
of nucleus; boundaries between the 6th & 7th contours in IJig. 4a.

c ‘1’hc monochromatic luminosity at K (2.2 pm), defined as ],K = 4nd2vfU(K),  where 1,~ = 3.83 x

1 033 erg s-l.



-12-

‘J’able 2: IIistribution  of the 3,3 pm I’AII Rmission  in NGC 7469.——
-  Annulus  Radii 11’rom I’A}] lmagc ~om Cutri  et al. 1984’

fI’AII %:W ti:k ‘ifi’ f~>A~,  “~::;;:;$)
(arc sec.) (mJy) (mJy)
o- 1... 8.0 0.28 0.09 0.13 4.6 0.21
1-2. . . 11.5 0.40 0.44 0.37 7.7 0.35
2-3 . . . 7.7 0.27 0.99 0.48 10.5 0.48
3-4 . . . 2,3 0.08 0.53 0.24 -
1-3. . . 19.2 0.66 0.56 0.41 18.1 0.84
1-4. . , 21.0 0.71 0.56 0,38 18.1 0.84
04 (rJ’otal).  ,. 29.5 1.00 0.24 0.25 21 .7~ 1.00

—.
“ Flux densities were computed from the published luminosities using their assumed distance of 50.2 Mpc for NGC

7469 and FWZ1 = 0.1 ~~nl for the 3.3 Iim feature.
b ‘J’he total flux density of the 3,3 pm feature was computed from the average of the luminosities measured
in 5!’85 (5.0 + 0.5 x 1071,.), 7!’8 (4.6 +- 1.0 x 1071,.),  and 8!’7 (4.7 4 0,7 x 1071,. ) diameter beams by Cutri ct al.
1984.
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l“ig.  4---- Illustration of the spiral structure at different spatial scales in NGC 7469; (a) contour
diagram of the residual K-band image (also shown as a gray-scale in l~ig.  1 f ) superposed on a,

gray-scale of the 6 cm VI,A image from Wilson et al. (1991); (b) contour diagram of the residual
K-band image  superposed on a gray-scale of a residual R-band  image after subtraction of a smooth
mode]; (c) gray  -scak of a direct R-band  image (the scak bar  at the bottonl  left rcprcscwts 10“).


